Introduction {#sec1}
============

Chemotherapy-induced cardiotoxicity is a serious adverse outcome of several chemotherapeutics that severely impact therapeutic efficacy.^[@ref1],[@ref2]^ For example, anthracycline intervention can lead to life-threatening cardiomyopathy.^[@ref3]^ One of the most widely accepted mechanisms for chemotherapy-induced cardiotoxicity involves the overproduction of free radicals associated with oxidative stress and eventual apoptosis of cardiac cells.^[@ref4],[@ref5]^ Unfortunately, many (but not all) chemotherapeutics employ reactive oxygen species (ROS)-dependent mechanisms to target cancer cells. These observations underscore the challenges in defining the approaches to alleviate the adverse outcome of cardiotoxicity from the intended mechanism of action (MOA) of drugs targeting cancerous cells.

5-Fluorouracil (5-FU), a cytotoxic thymidylate synthase inhibitor, is widely used for the treatment of multiple cancers; yet, its use is associated with cardiotoxicity, which can include myocardial ischemia, cardiac arrhythmias, hyper- and hypotension, left ventricular dysfunction, cardiac arrest, and sudden death.^[@ref6],[@ref7]^ The heart is susceptible to ROS damage and oxidative stress, as this organ exhibits relatively low levels of antioxidant enzymes.^[@ref8]^ For example, cardiac muscle contains 150 times less catalase (CAT) and 4 times less superoxide dismutase (SOD) than liver.^[@ref9]^ 5-FU has been shown to induce apoptosis of rat cardiac cells via generation of ROS.^[@ref10]^ Additionally, in rabbits, the antioxidant probucol protected against 5-FU-induced endothelial damage.^[@ref11]^ Accordingly, if ROS is the main instigator of 5-FU-induced cardiotoxicity, the compounds limiting free radical formation may have cardioprotective effects when combined with 5-FU, although studies thus far examining this approach have had only marginal success.^[@ref12],[@ref13]^ Currently, there is no FDA-approved treatment that can ameliorate 5-FU-induced cardiotoxicity.

Cyclic nitroxides represent a diverse group of stable free-radical molecules with unique antioxidant properties.^[@ref14]^ The antioxidant capacity of 4-hydroxyl-TEMPO (TEMPOL) is linked to its stable nitroxide radical structure.^[@ref15]^ TEMPOL has a low molecular weight, permeates biological membranes, and scavenges both intra- and extracellular deleterious ROS. Moreover, TEMPOL's antioxidant capacity is enhanced by its SOD-mimicking activity.^[@ref16]^ TEMPOL can scavenge various ROS species, including carbon-centered, ^•^OH, peroxyl, and thiyl radicals, as well as dinitrogen species .^[@ref14]^ In addition to the reduction of ROS as a mechanism for reducing chemotherapeutic toxicity, another approach involves the alteration of autophagic mechanisms.^[@ref17],[@ref18]^

Autophagy is a catabolic process in which long-lived proteins, damaged cell organelles, and other cellular particles are sequestered and degraded. Autophagy contributes to the maintenance of cellular energy homeostasis and survival in times of stress. Most anticancer drugs have been reported to induce autophagy in tumor cells.^[@ref17]^ However, there are conflicting results from the ongoing clinical trials which target the inhibition of autophagy. Currently, there is no consensus on how to manipulate autophagy to improve the clinical course of cancer patients.

Alkaloids isolated from the plants used in Chinese herbal medicines are an important source for anticancer drug discovery, many of which work via autophagic mechanisms.^[@ref19],[@ref20]^ For example, the alkaloid berberine produces its anticancer effects via the induction of autophagic cell death and mitochondrial apoptosis in liver carcinoma.^[@ref21]^ Conversely, tetrandrine acts as an autophagy enhancer, inducing early G1 arrest in colon carcinoma cells.^[@ref22]^ Additionally, camptothecin and vinblastine, the FDA-approved chemotherapeutics, also work via autophagic processes.^[@ref19]^

To develop effective and safe therapeutic strategies to prevent the adverse effects of 5-FU on cardiac tissues without compromising its antitumor activity, we synthesized a series of novel compounds that conjoined indole alkaloid and nitroxide scaffolds (the latter based on our successful work with TEMPOL). Our objective was the development of new compounds whose cardioprotective actions would involve both ROS-scavenging and autophagic processes, with a minimal impact on the anticancer effect of 5-FU. Among these newly synthesized indole alkaloid derivatives (the detailed synthesis of the series compounds will be reported elsewhere), we discovered an indole alkaloid derivative B (**IADB**) that serves as a novel bifunctional agent (antioxidant and autophagy-modulating activity). The present study was designed to examine the hypothesis that cardiotoxicity induced by chemotherapy could be attenuated by **IADB** when administrated in conjunction with chemotherapeutical agents.

Results {#sec2}
=======

Synthesis of **IADB** {#sec2.1}
---------------------

The preparation of **IADB** followed the synthetic route outlined in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}. [l]{.smallcaps}-Tryptophan was first reacted with formaldehyde which affords compound **[1]{.ul}** via a Pictet--Spengler intramolecular cyclization. N-Boc-protected compound **[2]{.ul}** was subjected to a coupling reaction with [l]{.smallcaps}-leucine benzyl ester to afford compound **[3]{.ul}**. To avoid the possible aminolysis, the deprotected compound **[3]{.ul}** was then directly converted to compound **[4]{.ul}** through the intramolecular cyclization with a ketone. After deprotection, compound **[5]{.ul}** was subjected to a coupling reaction with [l]{.smallcaps}-theanine-OBzl·HCl to afford compound **6**. Finally, compound **6** was readily converted to the target compound, **IADB**, after deprotection and coupling reactions with 4-amino-TEMPO. The chemical structure of **IADB** was confirmed by proton and carbon nuclear magnetic resonance studies and high-resolution mass spectrometry. The observed paramagnetic broadening was due to the existence of the nitroxide radical. **IADB** was further analyzed by electron paramagnetic resonance spectroscopy to confirm the intact nitroxide moiety. **IADB** was stable and was stored at room temperature in sealed bottles until use.

![Synthetic scheme of an **IADB**. Reagents and conditions: (i) H~2~SO~4~, HCHO; (ii) Boc~2~O; (iii) EDC, HOBt, L-Leu-OBzl·HCl; (iv) EtOAc·HCl (4N), Et~3~N; acetone; (v) Pd/C, H~2~; (vi) EDC, HOBt, [l]{.smallcaps}-theanine-OBzl·HCl, (vii) H~2~, Pd/C, and (viii) EDC, HOBt, 4-amino-TEMPO.](ao-2018-02139u_0001){#fig1}

Acetylcholine-Induced Relaxation Could be Significantly Reversed by **IADB** in a Dose-Dependent Manner {#sec2.2}
-------------------------------------------------------------------------------------------------------

The free-radical scavenging potential of **IADB** was evaluated in the acetylcholine (Ach)-induced relaxation of the rat thoracic aorta assay. In this assay, the isolated aortic rings were contracted with norepinephrine (NE). Upon stabilization, Ach was added to induce vasorelaxation. Exposure of the aortic rings to TEMPOL (10^--6^ mol/L) and **IADB** (10^--6^, 10^--7^, and 10^--8^ mol/L) was performed, and then the percentage inhibition of Ach-induced vasorelaxation was determined. As shown in [Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.8b02139/suppl_file/ao8b02139_si_001.pdf), the treatment of the aortic rings with the free-radical scavenger TEMPOL (10^--6^ mol/L) reduced the Ach-induced relaxation of the aortic rings to some degree (35.8 ± 4.2% inhibition). Compared to TEMPOL (10^--6^ mol/L), the treatment with **IADB** (10^--6^ mol/L) could substantially inhibit Ach-induced vasorelaxation (95.6 ± 5.7% inhibition, in comparison with TEMPOL, *p* \< 0.001). Even at a lower concentration (10^--7^ mol/L), **IADB** still could reverse the Ach-induced vasorelaxation to a significant degree (inhibition percentage: 72.5 ± 3.8% inhibition, in comparison with TEMPOL, *p* \< 0.01) ([Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.8b02139/suppl_file/ao8b02139_si_001.pdf)).

**IADB** Induces GFP-LC3 Puncta Formation in Cancer and Normal Cells {#sec2.3}
--------------------------------------------------------------------

During preliminary cellular assays, we observed that **IADB** intervention induced the presence of cytoplasmic structures, indicative of autophagy. Thus, to verify the potential role of **IADB** in autophagy induction, we evaluated **IADB** in both cancer and normal cell lines. Initially, HeLa cells were transiently transfected with a green fluorescent protein (GFP)-light chain 3 (LC3) followed by incubation with **IADB** for 24 h. Under nutrient-rich conditions, less than 5% of HeLa cells displayed GFP-LC3 puncta. Nutrient starvation conditions increased the percent of cells showing punctuation of GFP-LC3 to 35% in HeLa cells, and low numbers of disk-shaped small GFP-LC3 puncta in individual cells were detected ([Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acsomega.8b02139/suppl_file/ao8b02139_si_001.pdf)). However, the addition of **IADB** dramatically increased the percent of cells containing fluorescent puncta and the number of GFP-LC3 puncta per cell. One GFP-LC3 fluorescent puncta was regarded as equivalent to one autophagosome. To examine whether **IADB**-mediated formation of autophagosome could occur in other cell types, several cancer cell lines (colon cancer HT-29, lung cancer A549, and breast cancer MDA-MB-231) and normal H9C2 rat cardiomyoblasts were also examined. A significant increase in fluorescent GFP-LC3 puncta per cell and the intensified green fluorescence (puncta) induced by **IADB** were observed in both the cancer and normal cells tested ([Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acsomega.8b02139/suppl_file/ao8b02139_si_001.pdf)).

Dose-Responsive and Time-Dependent Effects of **IADB** on Autophagy {#sec2.4}
-------------------------------------------------------------------

In GFP-LC3 transiently transfected cells, LC3 overexpression may result in protein aggregation. It is important to distinguish protein aggregates from true autophagosomes. In a stably transfected system, the levels of GFP-LC3 could be controlled at an appropriate level to avoid artificial aggregation. With this in mind, we next analyzed the **IADB**-induced changes in the level and distribution of microtubule-associated protein 1 LC3 (an autophagosomal marker) in HeLa cells that had been transfected with LC3 fused to GFP. Under nutrient-rich conditions, small GFP-LC3 puncta (weakly fluorescent) were homogeneously distributed throughout the cytoplasm of the majority of transfected cells. Under nutrient starvation, the number of GFP-LC3 puncta per cell increased. Nutrient starvation again served as a positive control for the induction of autophagy. Under **IADB** treatment, the number of GFP-LC3 puncta per cell was significantly increased. As shown in Figure S3 ([Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.8b02139/suppl_file/ao8b02139_si_001.pdf)), **IADB** intervention resulted in significant increases in the number of GFP-LC3 puncta per cell in a dose-and time-dependent manner ([Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acsomega.8b02139/suppl_file/ao8b02139_si_001.pdf)). With these findings, we next sought to verify that the increased number of GFP-LC3 puncta was not the result of large protein aggregation.

**IADB** Enhances Autophagic Flux in GFP-LC3 Stably Transfected HeLa Cells {#sec2.5}
--------------------------------------------------------------------------

As autophagy is a dynamic process, the accumulation of GFP-LC3 puncta may indicate enhanced autophagosome formation or impaired autophagic degradation. Monitoring autophagic flux is generally utilized as a measure of autophagic degradation activity.^[@ref28]^ Previously, we developed a new assay for monitoring the autophagic flux. In this assay, we utilized (i) GFP-LC3 levels to monitor autophagosome formation ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}B); (ii) LysoProbe^[@ref26],[@ref27],[@ref37]^ as an estimate of changes in lysosomal activities ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}C; LysoProbe stains acidic vesicular organelles, including lysosomes and autolysosomes); and (iii) colocalization of these two probes to estimate the autophagic flux via monitoring of autolysosome formation (i.e., the fusion of autophagosome and lysosome) and turnover/degradation ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}D).

As shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}A, untreated sham control cells demonstrated a diffuse cytoplasmic staining of GFP-LC3 with very few punctate autophagosomes and lysosomes (first row, [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}A): GFP-LC3, green; LysoProbe, red; merged (autophagy flux), yellow. Induction of autophagosome formation was observed following **IADB** treatment (10 μM, 1 h) in complete medium (second row, [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}A). Selected GFP-LC3 patches appeared following 6 h of **IADB** treatment (third row, [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}A). Representative GFP-LC3 puncta appeared in numerous rings (solid arrow), disks (double arrows), and cup-shaped structures (dashed arrow) ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}). GFP-labeled rings (arrow, [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}) and GFP-LC3-labeled cups (dashed arrow, [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}) may represent optical sections traversing the center of autophagosomes, whereas GFP-labeled solid disks (double-headed arrow, [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}) likely represent optical sections that include the edges of autophagosomes extending from lateral to lateral edge. We refer to these disks, cups, and ring-shaped structures as GFP puncta. After 12 h of treatment with **IADB**, the number of GFP-LC3 patches decreased, whereas GFP-labeled rings, GFP-labeled cups, and GFP-labeled solid disks increased with **IADB** (fourth row, [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}A). A prolonged treatment with **IADB** (24 h) resulted in an extensive production of GFP-LC3 puncta (fifth row, [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}A). To validate the enhanced autophagic flux, **IADB**-induced autophagic activity was validated using 3-methyladenine (3-MA). The class III PI3K inhibitor 3-MA is an inhibitor of the early steps of autophagy, which blocks autophagosome formation.^[@ref28]^ The addition of 3-MA prior to **IADB** treatment abrogated **IADB**-mediated autophagy (decreased GFP-LC3 puncta; seventh row, [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}A). Next, we treated the HeLa cells stably expressing GFP-LC3 with **IADB** in the absence or presence of chloroquine (CQ) (80 μM). CQ, a known inhibitor of the later steps of autophagy, has the capacity to prevent the fusion of autophagosomes with lysosomes with a concomitant inhibition of the lysosomal degradation of proteins late in autophagy.^[@ref28]^ We found that increases in the number of GFP-LC3 puncta per cell induced by **IADB** were further elevated in the presence of CQ. Combinatorial treatment (**IADB** + CQ) significantly increased the number of GFP-LC3 puncta and a higher colocalization index (monitoring autolysosomes formation and degradation) in comparison to either compound alone (eighth and sixth rows, [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}A), suggesting that the autophagic degradation was inhibited in the presence of CQ. These results further confirmed that the increased number of GFP-LC3 puncta was due to enhanced autophagosome formation rather than impaired autophagic degradation.

![Representative autophagic structures induced by **IADB** incubation (10 μM) for 12 h. GFP-LC3 fluorescence appeared in numerous rings (solid arrow), disks (double arrows), and cup-shaped structures (dashed arrow).](ao-2018-02139u_0004){#fig2}

![**IADB** enhances autophagic flux in GFP-LC3 stably transfected HeLa cells. (A) Representative confocal fluorescence images of HeLa cells subjected to different treatment protocols (first row: control cells; second row: **IADB** (10 μM) for 1 h; third row: **IADB** (10 μM) for 6 h; fourth row: **IADB** (10 μM) for 12 h; fifth row: **IADB** (10 μM) for 24 h; sixth row: **IADB** (10 μM) + CQ (80 μM) for 24 h; seventh row: **IADB** (10 μM) + 3-MA (2 mM) for 12 h; and eighth row: CQ (80 μM) alone for 24 h), counterstained with LysoProbe (red fluorescence), GFP-LC3 (green fluorescence), Hoechst 33342 (blue fluorescence). (B) By measuring the mean fluorescence intensity (MFI) of GFP-LC3 changes, the total autophagosome number was determined; (C) by measuring the MFI of LysoProbe changes, lysosomal formation was estimated; and (D) by measuring the MFI of GFP-LC3^+^/LysoProbe^+^ double positive, the colocalization index was produced, estimating the autophagic flux (*N* = 6 independent experiments).](ao-2018-02139u_0005){#fig3}

**IADB** Exhibits Specific Cytotoxic Effects toward Cancer Cells {#sec2.6}
----------------------------------------------------------------

To explore whether **IADB** could act as an autophagy-promoting compound with anticancer activity, we examined a panel of cancer cell types (HeLa, HT29, A-549, and MDA-MB-231 cells), employing a cytotoxicity assay. Normal H9C2 rat cardiomyoblasts were employed as control. **IADB** demonstrated differential toxicity in cancer cells (mean IC~50~ of **IADB** in MDA-MB-231 cells, 30.4 ± 1.9--45.7 ± 2.8 μM; mean IC~50~ in HT-29 cells, 25.3 ± 1.5--37.5 ± 2.2 μM; and mean IC~50~ in HeLa cells, 46.4 ± 2.3--61.8 ± 1.7 μM). The cytotoxicity of **IADB** was considerably lower in H9C2 rat cardiomyoblasts (mean IC~50~ greater than 100 μM), suggesting enhanced potency in cancer cells.

Combined **IADB**/5-FU Treatment Induces Significant Mitochondrial Oxidative Damage in Colon Cancer HT-29 Cells, Not in Normal H9C2 Cardiac Cells {#sec2.7}
-------------------------------------------------------------------------------------------------------------------------------------------------

Previous studies suggested that ROS-mediated cardiotoxicity is induced by various chemotherapeutic agents, suggesting that a concomitant administration of antioxidants may provide some mitigation of cardiotoxicity.^[@ref1]^ Accordingly, we examined the in vitro effects of **IADB** and 5-FU in a combinatorial paradigm. Initially, we evaluated the antioxidant effects of **IADB**, alone or in combination with 5-FU, in the control H9C2 rat cardiomyoblasts and the colon cancer cell line HT-29. We employed MitoProbe,^[@ref32]−[@ref36]^ a sensitive fluorogenic reporter, for real-time monitoring of mitochondrial ROS (mtROS) generation. The MFI of MitoProbe was quantified as a gauge of mtROS production.

The HT-29 sham control cells (untreated) contained primarily long tubular mitochondria, evenly distributed throughout the cell (first row, [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}A). The 5-FU exposure resulted in the formation of intermediate/fragmented mitochondria. Conversely, the 5-FU-treated cells displayed a more dispersed and irregular staining pattern associated with increased MitoProbe fluorescence (second row, [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}A). Pretreatment (12 h) of **IADB** to HT-29 cells resulted in a proportion of cells exhibiting a slight increase in MitoProbe fluorescence ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}B) associated with a dispersed network of tubular structures surrounding the nucleus (third row, [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}A). Increasing the exposure time to **IADB** + 5-FU treatment led to progressive cellular changes in HT-29 cells: (a) initially, the mitochondria randomly aggregated in small groups throughout the cytoplasm, with a higher concentration near the nucleus (fourth row, [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}A); (b) this progressed to further aggregation of mitochondrial clusters around the nucleus in a concentric appearance (fifth row, [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}A); (c) subsequently, the aggregated mitochondria appeared as large round clumps 24 h after the combinatorial treatment (sixth row, [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}A), potentially associated with cell death; and (d) after 48 h of combinatorial exposure, cells with fragmented nuclei were obvious, indicating apoptosis (seventh row, [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}A). Furthermore, the combinatorial treatment enhanced mtROS levels ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}B), indicative of oxidative stress and mitochondrial damage in HT-29 cells.

![Combined **IADB**/5-FU treatment induces significant mitochondrial oxidative damage in colon cancer HT-29 cells; detection of mitochondrial oxidative damage in HT-29 cells before and after exposure to 5-FU (5 μM) without or with **IADB** (10 μM) treatment: (A) representative confocal fluorescence images of HT-29 cells subjected to different treatment protocols----counter-stained with MitoProbe (red fluorescence), MitoTracker (green fluorescence), and Hoechst 33342 (blue fluorescence); (B) MFI of MitoProbe changes, estimating total mtROS generation.](ao-2018-02139u_0006){#fig4}

Untreated H9C2 cardiomyoblasts (first row, [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}A) presented normal cell morphology with well-defined, filamentous mitochondrial networks and low levels of mtROS. H9C2 cardiomyoblasts treated with 5-FU revealed more fragmented mitochondrial networks and extensive accumulation of mitochondria (second row, [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}A) associated with significantly increased levels of mtROS (48 h treatment; [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}B). As shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}B, pretreatment of H9C2 cardiomyoblasts with **IADB** (10 μM) for 12 h, followed by combinatorial treatment \[**IADB** (10 μM) + 5-FU (5 μM)\] for 48 h, normalized mtROS at all time points measured (4, 12, 24 and 48 h).

![Combined **IADB**/5-FU treatment induces significant mitochondrial oxidative damage in colon cancer HT-29 cells, but not in normal H9C2 cardiac cells. Detection of mitochondrial oxidative stress in H9C2 cardiac cells pre-/post-5-FU (5 μM) exposure with/without **IADB** (10 μM) treatment: (A) representative confocal fluorescence images of H9C2 cardiomyoblasts subjected to different drug interventions----counterstained with MitoProbe (red fluorescence), MitoTracker (green fluorescence), and Hoechst 33342 (blue fluorescence); (B) total mtROS generation in H9C2 cardiomyoblasts as determined by MFI of MitoProbe; and (C) mitochondrial morphological changes during different treatment regimens (percent of cells with ≥100 cells per experiment). *N* = 6 independent experiments.](ao-2018-02139u_0007){#fig5}

Interestingly, we observed that the combinatorial treatment \[**IADB** (10 μM) + 5-FU (5 μM)\] resulted in a return of mitochondrial morphology to the expected tubular structure in H9C2 cardiomyoblasts (fourth to seventh row, [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}A). The mitochondrial morphology was scored as follows: *fragmented*, mainly small and round; *intermediate*, mixture of round and shorter tabulated; and *tabulated*, long with higher interconnectivity. The method for quantification involved determining the percentage of cells with abnormal mitochondrial morphologies as a surrogate measure for the proportion of cells with fragmented mitochondria. The nontreated cells employed as the control contained predominantly long and evenly distributed tubular mitochondria throughout the cell, and the cells with intermediate or fragmented mitochondria were expressed as a percentage of the total cells counted (100 cells were counted per experiment, and the data were averaged over four independent experiments per treatment).

The mitochondria of H9C2 cardiac cells remained elongated with entangled tubules at 24 h (sixth row, [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}A) after combinatorial intervention (**IADB** + 5-FU), whereas the HT-29 colon cancer cells continued to manifest significant mitochondrial damage under identical treatment conditions. The combinatorial intervention \[**IADB** (10 μM) + 5-FU (5 μM)\] appeared to only transiently alter mitochondrial morphology. As shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}A,C, the combinatorial therapy for 48 h resulted in a complete correction of mitochondrial structure in the majority of H9C2 myoblasts to their expected tubular structure. Interestingly, cell-specific recovery was observed only in the H9C2 cardiac cells (seventh row, [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}A) but not in the colon cancer HT-29 cells (seventh row, [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}A). Our results suggest that **IADB** provides greater protection to normal cardiac cells (H9C2) as opposed to tumor cells (HT-29). These findings implied that unbalanced mitochondrial fusion/fission, or possibly failure of autophagy in HT-29 cells, may have induced the accumulation of damaged mitochondria.

Combinatorial **IADB**/5-FU Intervention Induces Autophagic Cell Death in Colon Cancer HT-29 Cells {#sec2.8}
--------------------------------------------------------------------------------------------------

The combinatorial application of autophagy inhibitors coupled with chemotherapeutic agents is a common strategy for cancer cell sensitization;^[@ref29]−[@ref31]^ yet, it remains to be determined whether cancer chemotherapy would benefit from up- or downregulation of autophagy. Thus, we next evaluated the autophagic responses in HT-29 cells undergoing combinatorial intervention. The treatment of HT-29 cells with 5-FU (5 μM) alone (48 h) resulted in an increased GFP-LC3 fluorescence puncta formation (second row, [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}A, compared to control, first row, [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}A). The GFP-LC3 puncta formation was dramatically increased by **IADB** pretreatment (third row, [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}A) or combinatorial treatment (fourth to seventh row, [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}A) as compared to the 5-FU treatment alone. The combinatorially treated HT-29 cells revealed the presence of autophagic vesicles as early as 4 h (fourth row, [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}A), which progressively increased with time. The number of GFP-LC3 fluorescence puncta increased steadily over 24 h of combinatorial treatment, indicative of autophagosome accumulation ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}B). The HT-29 cells showed similar results, with the appearance of LysoProbe-labeled organelles (red fluorescence images) ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}C) that correlated with the appearance of GFP-labeled autophagosomes (green fluorescence images), the combined occurrence of which can be labeled as [a]{.ul}utophagy process-related [v]{.ul}esicular [o]{.ul}rganelle[s]{.ul} (AVOs). After 24 h of combinatorial intervention, the clustering of AVOs was obvious. Simultaneously, an extensive lysosomal accumulation was also observed ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}C). The cumulative data indicate that **IADB** pretreatment activated autophagy, as the combinatorial treatment resulted in a continuous activation of autophagy and a concomitant imbalance between the rate of AVO formation and degradation ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}D). The lysosomal findings support this, suggesting that "autophagic stress" occurred and preceded both apoptosis and necrosis. Normally, autophagy and apoptosis remain in balance and control the organelle numbers. However, our observation of continuous autophagy induced by the combinatorial treatment eventually activated apoptosis and cell death.

![Confirmation of "autophagic stress" induced by combined **IADB** + 5-FU treatment using confocal laser scanning microscopy. (A) Representative confocal fluorescence images of HT-29 cells subjected to different treatment protocols----counterstained with LysoProbe (red fluorescence), GFP-LC3 (green fluorescence) transfected cells, and Hoechst 33342 (blue fluorescence) (control cells (first row); 5-FU (5 μM) alone for 48 h (second row); pretreatment **IADB** (10 μM) for 12 h (third row); **IADB**-pretreated cells at 4 h (fourth row), 12 h (fifth row), 24 h (sixth row), and 48 h (seventh row) after exposure to 5-FU, respectively. (B) Total autophagosome number in HT-29 cells determined by measuring the MFI of GFP-LC3 changes. (C) Lysosomal activities evaluated in HT-29 cells by quantitation of MFI of LysoProbe changes. (D) Colocalization index determined as a measure of autolysosome formation (i.e., the fusion of autophagosome and lysosome) and degradation events (autophagic flux) by measuring the MFI of GFP-LC3^+^/LysoProbe^+^ double-positive HT-29 cells. *N* = 6 independent experiments.](ao-2018-02139u_0008){#fig6}

Combinatorial Treatment (**IADB** + 5-FU vs 5-FU Alone) Potentiated Growth Inhibition of Colon Cancer HT-29 Cells {#sec2.9}
-----------------------------------------------------------------------------------------------------------------

The treatment with 5-FU (5 μM; 48 h) inhibited the growth of colon cancer HT-29 cells by one-third in comparison to the vehicle-treated cells. The pretreatment with **IADB** (10 μM; 12 h) prior to that with 5-FU doubled the inhibitory effect, as measured by trypan blue exclusion ([Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acsomega.8b02139/suppl_file/ao8b02139_si_001.pdf)).

Confirmation of "Autophagic Stress" Induced by Combined **IADB** + 5-FU Treatment Using Transmission Electron Microscopy {#sec2.10}
------------------------------------------------------------------------------------------------------------------------

The transmission electron microscopy (TEM) images of HT-29 cells treated with 5-FU (5 μM) for 24 h revealed minimal autophagic vesicles, with the mitochondria that were slightly swollen with a faint double-membrane structure ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}A). Conversely, the **IADB** pretreatment followed by the **IADB** + 5-FU combined treatment for 24 h revealed the presence of numerous AVOs with cellular material that appeared degenerated ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}B). The AVOs resembled autophagosomes and autolysosomes, and several of them showed entrapped intracellular organelles such as mitochondria or endoplasmic reticulum, as well as digested residual material. The overproduction of AVOs in combinatorially treated cells ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}B) correlated with the accumulation of LysoProbe-/GFP-LC3-labeled AVOs ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}). The data suggest "autophagic stress" associated with the dysregulation of autophagic responses, or perhaps a situation in which "excessive" autophagic demand goes unbalanced by the consumption of cellular reserves. Whichever the exact mechanism, it would seem reasonable that the overproduction or impaired clearance of AVO degradation eventually leads to cell death.

![Confirmation of "autophagic stress" induced by combined **IADB** + 5-FU treatment using TEM: (A) TEM images of HT-29 cells treated with 5-FU (5 μM) for 24 h, revealing minimal autophagic vesicles accompanied by modestly swollen mitochondria with a relatively indistinct double-membrane structure. (B) TEM images of HT-29 cells co-treated with 5-FU (5 μM) + **IADB** (10 μM) for 24 h, revealing numerous autophagosomes and autolysosomes (electron-dense organelles engulfing double-membraned vesicles). These structures appeared to contain degraded cellular material, and the mitochondria were swollen with crista fragmentation.](ao-2018-02139u_0009){#fig7}

Mitigation of 5-FU-Induced Cardiac Structural Damage by Combined **IADB** + 5-FU Treatment {#sec2.11}
------------------------------------------------------------------------------------------

We next investigated the potential of the **IADB** pretreatment to alleviate 5-FU-induced cardiac structural damage. The myocardial cells and the interstitium of **IADB**-treated animals did not reveal evidence of obvious pathological alterations, comparable to the vehicle-treated tissues. In contrast, major histopathological alterations (myocardial fiber disarrangement, extracellular edema, leukocyte infiltration, and enlarged intercellular spaces) were observed in 5-FU-treated tissues ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}).

![Mitigation of 5-FU-induced cardiac structural damage by combined **IADB** + 5-FU treatment. Representative photomicrographs of myocardial sections from **IADB**/5-FU alone and **IADB** + 5-FU combined treatments groups: (A) hematoxylin--eosin (H & E) staining; (B) modified trichrome staining; and (C) NADH staining (*N* = 6).](ao-2018-02139u_0010){#fig8}

Further, modified Gomori trichrome staining of the 5-FU cohort revealed loose collagen fibers surrounding individual myocardial tracts and clear evidence of edema between the wavy muscle fibers. These features suggest the disruption of the collagen fibers in the interstitial region and the interstitial fluid separating the lateral myocyte arrangement. The myocardium samples taken from the combinatorially treated cohort revealed a significantly less disruption of myocardial fibers, although a mild degree of swelling around the nuclei and congestion of capillaries was still observed ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}B).

The NADH-stained sections of myocardial samples derived from the 5-FU-treated cohort revealed an extensive interstitial edema between the damaged cardiomyocytes. Striated cardiac muscle disarray, local myocardial swelling, necrosis, and intercellular space expansion were frequently observed. Conversely, the tissues derived from the combinatorially treated animals revealed only a slight myocardial edema associated with the partially ruptured cardiac muscle fibers ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}C).

Attenuation of 5-FU-Induced Cardiac Oxidative Damage by **IADB** + 5-FU Treatment Confirmed with the Oxidative Stress Biomarkers {#sec2.12}
--------------------------------------------------------------------------------------------------------------------------------

To examine the potential protective effect of **IADB** on cardiomyocytes, lipid peroxidation (malondialdehyde, MDA) was estimated in heart extracts. Increased MDA was observed in 5-FU-treated cohorts. Conversely, no significant difference was observed between the sham controls and **IADB** alone or **IADB** + 5-FU groups ([Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acsomega.8b02139/suppl_file/ao8b02139_si_001.pdf)), consistent with the protective capacity of **IADB** against lipid peroxidation. The SOD, CAT, and thiol glutathione (GSH) systems in heart detoxify ROS to nontoxic forms.^[@ref30]^ Accordingly, we examined the effects of 5-FU and **IADB** on GSH, SOD, and CAT activities. 5-FU alone significantly decreased GSH; conversely, the **IADB** + 5-FU treatment essentially normalized the GSH levels, raising them significantly above the 5-FU treatment groups ([Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acsomega.8b02139/suppl_file/ao8b02139_si_001.pdf)). 5-FU and 5-FU + **IADB** significantly increased SOD in comparison to control ([Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acsomega.8b02139/suppl_file/ao8b02139_si_001.pdf)). For the **IADB** + 5-FU groups, CAT activities were significantly higher than that in the 5-FU-treated groups ([Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acsomega.8b02139/suppl_file/ao8b02139_si_001.pdf)).

Alleviation of 5-FU-Induced Mitochondrial Oxidative Damage by **IADB** + 5-FU Treatment Confirmed by Direct Visualization of Tissue Oxidative Status {#sec2.13}
----------------------------------------------------------------------------------------------------------------------------------------------------

To assess tissue protection associated with reduced ROS production, mtROS production was determined in myocardial tissues using MitoProbe.^[@ref36]^ The fluorescence intensity of MitoProbe was higher in the tissues of the 5-FU cohort ([Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}A,C,D). Conversely, the fluorescence intensity in the combinatorially treated tissues was significantly reduced ([Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}B--D), further underscoring the potential of **IADB** to alleviate mitochondrial oxidative stress.

![Alleviation of 5-FU-induced mitochondrial oxidative damage by **IADB** + 5-FU treatment confirmed by direct visualization of the tissue oxidative status: mitochondrial oxidative status was evaluated in myocardial tissues using mtROS fluorescent probe (MitoProbe). Representative fluorescent stained images of myocardium derived from the 5-FU-treated rat cohort (A) and **IADB** + 5-FU rat cohort (red: MitoProbe fluorescence; blue: Hoechst 33342 fluorescence) (B). (C) Interactive 3D surface plots of merged images and (D) Interactive 3D surface plots of merged images (fire LUT images).](ao-2018-02139u_0011){#fig9}

Attenuation of 5-FU-Induced Cardiac Ultrastructural Damage by **IADB** + 5-FU Treatment Confirmed with TEM {#sec2.14}
----------------------------------------------------------------------------------------------------------

We used TEM to further explore the structure/function correlates in myocardial organelles under various interventions. We found that the **IADB-**treated cohorts ([Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}B) revealed the evidence of relatively normal mitochondria with intact cristae density ([Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}A). On the other hand, we noted marked ultrastructural myocardial damage (myofibril disorganization, vacuolation, mitochondrial swelling, and cell lysis) in the samples of 5-FU-treated animals ([Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}C). In addition, mitochondria became sparse at the remote regions of the nucleus ([Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}D). Pretreatment with **IADB**, followed by 5-FU + **IADB** treatment, provided significant protection from these ultrastructural abnormalities (elongated and transverse cristae (indicated as "EM"); larger, rounded to ovular mitochondria with vacuolation (indicated as "M"); [Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}E,F). At the perinuclear region, the majority of mitochondria showed relatively normal morphology, although mild edema was still noted ([Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}F) ([Figure S6](http://pubs.acs.org/doi/suppl/10.1021/acsomega.8b02139/suppl_file/ao8b02139_si_001.pdf)). Moreover, we observed autophagosomes with double-membrane structures, and a number of these autophagic vacuoles contained identifiable organelles, whereas some late autophagosomes contained lamellar and vesicular structures \[magnified autophagic vesicles are shown in the red box ([Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}F)\]. Cumulatively, more autophagosomes were observed with combinatorial intervention versus 5-FU alone ([Figure S7](http://pubs.acs.org/doi/suppl/10.1021/acsomega.8b02139/suppl_file/ao8b02139_si_001.pdf)). Taken together, our data suggest that under "mild" stress, the mitochondrial elongation response can be induced in cardiomyocytes \[indicated as "EM" (elongated mitochondria) in [Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}E\]. Severely damaged cardiomyocyte mitochondria are unable to fuse into the mitochondrial network, making them susceptible to degradation. We therefore suggest that mitochondrial elongation can protect the mitochondria from mitophagy, coupled to autophagic degradation of cytosolic material (red box; [Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}E), all of which will enhance energy production and the production of macromolecular precursors to promote cardiomyocyte survival during cellular stress.

![Attenuation of 5-FU-induced cardiac ultrastructural damage by **IADB** + 5-FU treatment confirmed by TEM. Representative TEM of myocardium derived from the sham control and different drug-treated animal groups: (A) sham cardiomyocytes revealed typical myofibrillar arrangements and intact mitochondria (M); (B) **IADB**-treated cardiomyocytes were comparable to sham treatment, but with a small number of autophagosomes; (C,D) 5-FU-treated cardiomyocytes revealed lesions with myofibrillar disorganization and swollen mitochondria with lower density structures; (E,F) combinatorially treated myocardium revealed typical mitochondrial structures combined with a small number of autophagosomes surrounded by double membranes (red box), in addition to autophagic vacuoles containing identifiable organellar material, as well as late autophagosomes containing lamellar and vesicular structures.](ao-2018-02139u_0002){#fig10}

Discussion {#sec3}
==========

Conventional anticancer drugs induce oxidative stress in cancer patients being treated with chemotherapy.^[@ref9]−[@ref13]^ Previous studies suggest that the MOA of some of these chemotherapeutic agents for triggering apoptosis in cancer cells involves ROS-dependent pathways.^[@ref17],[@ref18]^ The present study was designed to answer one question: "is it possible to induce apoptosis only in cancer cells while sparing normal cells/tissues?"

Most anticancer drugs activate autophagy in tumor cells. Therefore, a common strategy in several clinical trials is to inhibit the autophagic activity to enhance the potency of conventional chemotherapy.^[@ref29],[@ref30]^ However, some of these clinical trials have been terminated because the research findings are contradictory.^[@ref29],[@ref30]^ So far, no conclusive results have been published. The contrasting results for autophagy in cancer cells remain difficult to understand because the process itself can be either protective or detrimental during tumorigenesis and treatment.^[@ref17]^ Whether the role of autophagy is positive or negative for the growth of the tumor depends upon the tissue, the stage and type of tumor, and the extent of active autophagic processes. Additionally, autophagy can be affected by cellular stress such as ROS levels.^[@ref17]^ Many anticancer drugs have been reported to activate ROS-induced autophagy, which can either lead to the induction of apoptosis or the development of drug resistance, or both.^[@ref17]−[@ref19]^ Currently, there is no consensus as to whether inhibition or promotion of autophagy is beneficial in cancer treatment. Because of the complex interplay between ROS signaling and autophagy, identification of the optimal combination of autophagy modulators and antioxidants that can be combined with anticancer drugs to improve the efficacy of treatment remains a challenge. Our data indicate that **IADB**, a novel agent that simultaneously serves as an antioxidant and autophagy-modulating bifunctional agent, may well represent a novel breakthrough in the approach to cancer therapy.

As antioxidant activity plays a role in the protection against 5-FU-induced cardiotoxicity, we first evaluated **IADB** for the antioxidant activity, employing the Ach-induced relaxation of the rat thoracic aorta assay.^[@ref23]^ In the Ach-induced relaxation assay, injury of the arterial wall triggers the production of ROS and alterations in the vascular redox equilibrium.^[@ref24]^ The increase in the vascular ROS levels and oxidative stress induces endothelial cell layer damage. NO^•^ is the primary driver for the vasorelaxation of a smooth muscle.^[@ref24]^ Endothelial cells in the proximity to a smooth muscle also generate O~2~^•--^ during vascular oxidative damage, and the production of one free radical can result in a cascade of further radical production (e.g., O~2~^•--^ overproduction, coupled with NO^•^, can lead to ONOO^--^ generation, the latter a physiologically active toxic metabolite of NO^•^ that induces vascular and myocardial dysfunction).^[@ref24],[@ref25]^ As shown in Figure S1 ([Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.8b02139/suppl_file/ao8b02139_si_001.pdf)), we observed that Ach-induced relaxation could be significantly reversed by **IADB** in a dose-dependent manner.

As autophagy is a complex process, we felt it important to accurately quantify the autophagic effects of **IADB**. Although immunoblotting for endogenous LC3 is commonly used to monitor autophagosome formation or degradation, we found the results from Western blotting inconsistent (data not shown) because of the high background, precluding the accurate measurement of small changes in LC3 protein levels. Moreover, Western blotting does not measure the autophagic flux which represents the rate of autophagic degradation. Therefore, we employed fluorescent imaging technology and TEM to accurately determine the impact of **IADB** treatment on autophagy. Compared to fluorescence microscopy, the resolution of TEM is superior. TEM remains one of the most accurate methods for the detection of autophagy. However, TEM does not facilitate the quantitative measurement of autophagic flux in real time, nor is it particularly suited for routine visualization in all steps involved in the entire autophagic process. A careful and rigorous evaluation of autophagy with a translational focus is critical if we are to improve the clinical outcomes in cancer patients, and thus we next pursued a series of dynamic imaging studies to confirm the autophagy-modulating capacity of **IADB**.

Earlier reports indicated that autophagy induced by chemotherapy (i.e. 5-FU) could limit the effects of drug efficacy, and thus inhibition of autophagy may augment efficiency. However, our data indicated that **IADB** pretreatment, followed by combinatorial intervention (**IADB** + 5-FU), induced continuous autophagy activation in colon cancer HT-29 cells. We speculate that "excessive" autophagy culminates in cancer cell death, and in this scenario, autophagy inhibition would result in depressed therapeutic efficacy and enhanced tumor progression. Additionally, cytotoxic stimuli could activate autophagic cell death in tumor cells that are resistant to apoptosis.^[@ref20]−[@ref22]^ Our data suggested that autophagic cell death could be induced by the **IADB** + 5-FU combined treatment, and this may spur further investigation for sensitizing *apoptosis*-resistant cancer cells to cell death.

Pretreatment of colon cancer HT-29 cells with **IADB** prior to 5-FU exposure activated autophagy, which leads to alterations in ROS generation; however, upon exposure to 5-FU + **IADB**, significant levels of ROS were produced in tumor cells. We suspect that the overproduction of ROS, coupled to continuous stimulation of autophagy, eventually would lead to "excessive" autophagic activation, and finally apoptosis, as shown with confocal imaging analysis and TEM. As shown in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}B, it appears that the accumulation of autophagic vacuoles directly promotes cancer cell death. Surprisingly, the **IADB**-pretreated H9C2 cardiac cells subsequently exposed to **IADB** + 5-FU showed evidence of only minimal oxidative stress ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}B). Our data suggested that the anticancer effect of **IADB** may be mediated through autophagy induction. However, the anticancer properties and molecular mechanisms of **IADB** seem to be cell-specific, and thus its beneficial effects in different cell types remain to be further investigated.

Autophagic cell death is characterized by extensive sequestration of cytoplasm leading to cell death and the formation of autophagosomes or autolysosomes. Autophagic cell death is autophagy-dependent cell death, which can be triggered by starvation or autophagy-promoting compounds that may result in excessive autophagy induction and cell death.^[@ref31]^ Here, we demonstrated that an "exhausted" autophagic response induced by combined treatment (**IADB** and 5-FU) could eventually destroy cancer cells and lead to autophagic cell death. However, the exact mechanism of autophagic cell death induced by the combined treatment is still not mechanistically clear.

On the other hand, 5-FU treatment alone was associated with an increased mtROS level in myocardium ([Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}A). The elevated mtROS levels induced by chemotherapy could severely compromise the cellular nucleus of energy production, for example, mitochondrial oxidative phosphorylation.^[@ref1]^ Here, the histological analysis of myocardial sections revealed 5-FU-induced cardiotoxicity, as expected, and this was alleviated with **IADB** pretreatment. Subcellularly, 5-FU-driven mtROS overproduction correlated with mitochondrial oxidative damage. Surprisingly, the combinatorial intervention (**IADB** + 5-FU) could significantly prevent mtROS overproduction ([Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}B). In support of these findings, TEM revealed evidence of mitochondrial damage (swollen mitochondria accompanied with lower density structures) with 5-FU treatment ([Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}C,D). In contrast to this, the combinatorial treatment (**IADB** + 5-FU) significantly attenuated mitochondrial swelling with the maintenance of normal cristae ([Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}E,F).

Although TEMPOL can scavenge O~2~^•--^, its *t*~1/2~ in blood is only 15 s,^[@ref15]^ which is likely associated with the rapid reduction of nitroxide radical. Unlike TEMPOL, the antioxidant activity of **IADB** may not only result from the nitroxide moiety but also from amino acid residues of **IADB**, which would coordinately enhance the radical-scavenging capacity of nitroxide. The indole ring of Trp as a hydrogen donor and the hydrophobic microenvironments induced by Trp and theanine residues, in addition to the hydrophilic nature of theanine, are likely to contribute to the enhanced overall antioxidant-scavenging property of **IADB**. From the predicted lowest energy conformation of **IADB** ([Figure [11](#fig11){ref-type="fig"}](#fig11){ref-type="fig"}A), we speculate that a nitroxide radical surrounded by hydrophobic and resonance-stabilized amino acid side chains may result in enhanced bioavailability that correlates to improved scavenging of O~2~^•--^ or NO^•^ and associated cardioprotection.

![Proposed mechanism(s) of action of **IADB**: (A) predicted lowest energy conformation of TEMPOL and **IADB**; (B) schematic representation of the redox transformations of nitroxide, hydroxylamine, and the oxoammonium cation of **IADB**; (C) distinct action mechanisms of **IADB** involved in normal and tumor cells. In oxygen-rich normal cells (i.e., cardiomyocytes), the nitroxide moiety of **IADB** remains in the oxidized form (**IADB**-NO^•^). In hypoxic tumor cells, the nitroxide moiety of **IADB** is rapidly reduced to the corresponding hydroxylamine form (**IADB**-NOH). (D) HOMO/LUMO plots for nitroxide **IADB** (**IADB**-NO^•^) and its hydroxylamine (**IADB**-NOH), in which Δ*E* determines the chemical reactivity. The higher *E*~HOMO~ combined with the lower Δ*E* of the nitroxide form of **IADB** (**IADB**-NO^•^) confers a substantively higher radical-scavenging potential than the corresponding hydroxylamine form (**IADB**-NOH). These data provide a rationale and explanation as to why **IADB** confers greater protection to normal (i.e., heart) vs tumor tissues. (E) Schematic diagram of our conclusion that cardioprotection with **IADB** during chemotherapy is likely associated with the upregulation of autophagy and its ensuing antioxidant activity.](ao-2018-02139u_0003){#fig11}

In biological systems, nitroxide metabolism occurs predominantly via the reduction of the nitroxide to a hydroxylamine. **IADB**-NO^•^, having a single unpaired electron, can undergo redox transformations between the one-electron oxidized state, the oxoammonium cation, and the one-electron reduced **IADB**-NOH. When **IADB**-NO^•^ is incubated with cells or administered in vivo, a dynamic equilibrium is established between the three forms. The equilibrium levels of these forms are dependent on tissue oxygenation and the levels of reducing equivalents or the tissue "redox status". The reduction rates of **IADB**-NO^•^ in tumor and normal tissues are different because the tissue redox status is quantitatively different. In the tumor microenvironment, the reduction rate of **IADB**-NO^•^ can be accelerated because of high oxidative activity. Compared to normal cells (i.e. cardiomyocytes), the oxidative activity of cancer cells is higher, which is due to the overproduction of hydroxyl radical and superoxide generated under hypoxic conditions. In hypoxic tumor cells, the nitroxide form of **IADB** (**IADB**-NO^•^) is rapidly reduced to the corresponding hydroxylamine form (**IADB**-NOH) ([Figure [11](#fig11){ref-type="fig"}](#fig11){ref-type="fig"}C). However, the hydroxylamine (**IADB**-NOH) and nitroxide forms (**IADB**-NO^•^) do not constitute an effective redox couple and therefore are incapable of supporting cellular processes involving oxidation/reduction. In oxygen-rich normal cells (i.e. cardiomyocytes), the nitroxide moiety of **IADB** remains in the oxidized form (**IADB**-NO^•^) ([Figure [11](#fig11){ref-type="fig"}](#fig11){ref-type="fig"}C). The nitroxide (**IADB**-NO^•^) and oxoammonium pair act as an efficient redox couple, which can balance the cellular redox processes via reversible one-electron transfer reactions. Thus, under "mild" oxidative stress, the mitochondria may undergo constant damage repair, whereas severely damaged mitochondria/organelles will be degraded and recycled by **IADB**-triggered autophagy. This may serve to explain why **IADB** would confer greater protection to normal tissue than tumor tissue. To evaluate our hypothesis, we further examined the ionization potential of the two forms of **IADB**. HOMO and LUMO orbital energy levels for the two forms of **IADB** are listed in [Figure [11](#fig11){ref-type="fig"}](#fig11){ref-type="fig"}. From a calculation perspective, an electronic system with a larger HOMO--LUMO gap is predicted to be less reactive than the one having a smaller difference. As well, a small differential in the HOMO and LUMO energy gap would shed light on the intramolecular charge transfers.^[@ref23]^ As predicted, the small energy gap for **IADB**-NO^•^ suggests that this molecule possesses low ionization energies, revealing that it readily donates electron, underscoring the favorable free-radical scavenging activity. Thus, it is reasonable to assume that the higher *E*~HOMO~-combined coupling with the lower Δ*E* of the nitroxide form of **IADB** (**IADB**-NO^•^) would confer a considerably higher radical-scavenging potential than the corresponding hydroxylamine form (**IADB**-NOH) ([Figure [11](#fig11){ref-type="fig"}](#fig11){ref-type="fig"}D). The computational analysis further supported our hypothesis that the nitroxide radical of **IADB** (**IADB**-NO^•^) serves as an effective cellular antioxidant, whereas its corresponding hydroxylamine form (**IADB**-NOH) only yields minimal antioxidant effects. Taken together, the combined effects of our novel antioxidant and autophagy-inducing agent, **IADB**, on 5-FU-induced cardiotoxicity in vivo may form the platform for new approaches in cancer treatment that combine antioxidants with autophagy modulators to manipulate ROS-induced autophagy during chemotherapy.

Conclusions {#sec4}
===========

Taken together, our data present the first evidence that **IADB** is not toxic to cardiac cells and demonstrates toxicity toward only tumor cells. This unique feature is likely achieved by its dual function (a combined modulation of autophagy and ROS production). Because of the redox status difference between normal and tumor cells, it selectively induces autophagic cell death, mediated by ROS overproduction, in cancer cells. Furthermore, in vivo studies provide evidence that cardioprotection associated with **IADB** may correlate with its unique antioxidant activity, which originates from the unique kinetic equilibrium profiles of its three forms (**IADB**-NO^•^, , and **IADB**-NOH), based on the differences in the tumor redox status versus that in normal tissues. Therefore, the **IADB** treatment in combination with chemotherapy may lead to reduced cardiotoxicity, as well as the reduction of anticancer drug dosages that may further improve chemotherapeutic efficacy with decreased off-target effects. Overall, our data suggest that the use of **IADB** may be of benefit in minimizing cardiotoxicity associated with high-dose chemotherapy. These cellular studies pave the way for future animal studies with **IADB**, the studies currently underway in our laboratories.

Materials and Methods {#sec5}
=====================

Cell Culture {#sec5.1}
------------

All cell lines were obtained from American Type Cell Culture collection (ATCC). HeLa cells were grown in Eagle's minimal essential medium and 10% fetal bovine serum (FBS; Sigma-Aldrich, heat inactivated). Human colonic adenocarcinoma HT-29, lung cancer A549, and breast cancer cell lines MDA-MB231 were routinely maintained in Dulbecco's modified Eagle medium (DMEM; Gibco, Carlsbad, CA, USA) supplemented with 10% FBS (Gibco). H9C2 cardiac myoblasts were obtained from ATCC and maintained in DMEM supplemented with 10% FBS and 1% penicillin--streptomycin. All cells were grown at 37 °C in a humidified 5% CO~2~ atmosphere.

Rat Aortic Strip Assay To Measure Free-Radical Scavenging Capacity {#sec5.2}
------------------------------------------------------------------

The free-radical scavenging activity of **IADB** and TEMPOL in the rat aortic strip was determined as described.^[@ref23]^ Briefly, after sacrifice, rat aortic strips were obtained and then immediately placed into a perfusion solution (5 mL oxygenated (95% O~2~, 5% CO~2~) Krebs solution, 37 °C). The aortic strips were then mounted to tension transducers, and an NE (final concentration 10^--9^ mol/L) solution was added to induce contraction. The relaxation contraction curves were recorded. When the hypertonic contraction reached a maximum, NE was flushed, and the vessel strips were stabilized for 30 min. Subsequently, the NE (final concentration 10^--9^ mol/L) solution was reintroduced. When the hypertonic contraction value of the aortic strips reached the previously defined maximum, 15 μL of NE or a solution of the test compounds in 15 μL of water were added, respectively. Upon stabilization, 1.5 μL of Ach (final concentration of 10^--6^ mol/L) was added, and the percent inhibition of Ach-induced vasorelaxation was determined.

Drug Treatment in HT-29 Cells {#sec5.3}
-----------------------------

HT-29 cells were grown until they reached ∼50% subconfluence, and then the cells were subjected to drug treatment. To assess the effects of the co-treatment with 5-FU and **IADB**, the cells were pretreated with **IADB** (10 μM) for 12 h followed by treatment with 5-FU (5 μM) for another 48 h.

Cell Proliferation Assay {#sec5.4}
------------------------

The drug-treated HT-29 cells and untreated control cells were cultured in 96-well plates at a density of 5 × 10^3^ cells per cell in a 100 μL complete medium. The CellTiter96 cell proliferation assay kit was used following the manufacturer's protocol, and the cell growth was evaluated using trypan blue exclusion. All experiments were performed in triplicate, and the proliferation of HT-29 cells was calculated as the ratio of each experimental condition to that of untreated control cells.

Expression of GFP LC3 {#sec5.5}
---------------------

The GFP human LC3 fusion protein expressing plasmid pEGFP LC3 was purchased from Life Technologies. The cells (5 × 10^4^ per well) were seeded in six-well plates the day before transfection, and the cells were transfected with FuGENER HD Transfection Reagent (Roche, 04709691001). The GFP fusion proteins were observed under a laser scanning microscope system. The percentage of GFP LC3-positive cells with GFP LC3 punctate patterning was determined from three independent experiments and the means derived.

Live Cell Imaging {#sec5.6}
-----------------

The cells were grown in 35 mm glass-bottom dishes for 24 h. The media were removed and the cells were washed three times with 1× Dulbecco's phosphate-buffered saline (DPBS) without Ca^2+^ or Mg^2+^ (Hyclone, Fisher Sci.). The fluorescent probes were incubated with cells in the media without FBS. After each step, the cells were washed with DPBS buffer. The cells were imaged using an Olympus confocal laser scanning microscope.

Animal Test {#sec5.7}
-----------

All animal tests were performed in compliance with the "Guide for the Care and Use of Laboratory Animals" published by the US National Institutes of Health. The male ICR mice (20 ± 2 g) were housed in a 12/12 light/dark cycle at 21 ± 2 °C for 24 h before use. The mice were randomly divided into four groups: (i) *Sham control group*: the mice were intraperitoneally injected with saline for 14 consecutive days; (ii) *5-FU alone group*: the mice were intraperitoneally injected with 5-FU (10 mg/kg) once over 3 consecutive days; (iii) ***IADB****alone group*: the mice were intraperitoneally injected with **IADB** (30 mg/kg) for 14 consecutive days; (iv) ***IADB****+ 5-FU group*: the mice were intraperitoneally injected with **IADB** (30 mg/kg) for 11 consecutive days, and then intraperitoneally administered 5-FU (10 mg/kg) + **IADB** (30 mg/kg) once over 3 consecutive days. Upon the conclusion of experiments, the mice were euthanized via sodium pentobarbital overdose. The heart tissue samples were immediately separated, and blood was rapidly obtained from the ascending aorta. The tissue samples were divided into two sections, one for the determination of lipid peroxidation and the other used for histological examination (Leica CM 1850 UV clinical cryostat) at −30 °C.

Histological Analysis {#sec5.8}
---------------------

The tissues were mounted in gum tragacanth in an appropriate orientation and snap-frozen in isopentane chilled in liquid nitrogen. The frozen tissue sections (4--5 μm) were cut as previously described and stained with H & E, modified trichrome, or NADH followed by light microscopic examination.

Statistical Analysis {#sec5.9}
--------------------

A two-way analysis of variance followed by Scheffé's test was employed using the Origin program. If differences were observed, the values were then analyzed using Student's *t* test for paired data. All values were expressed as mean ± SE, and significance was set at the 95th centile.

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acsomega.8b02139](http://pubs.acs.org/doi/abs/10.1021/acsomega.8b02139).Detailed synthetic procedure of preparation of **IADB**; cell culture; cell proliferation assay; expression of GFP LC3; percent inhibition of Ach-induced vasorelaxation by TEMPOL and **IADB**; **IADB-**induced GFP-LC3 puncta formation in cancer and rat normal H9C2 cardiac cells; **IADB-**induced autophagic vesicle accumulation and the appearance of punctate GFP-LC3 staining in a time- and dose-dependent manner; and effect of **IADB** on proliferation assay of HT-29 colon cancer cells ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsomega.8b02139/suppl_file/ao8b02139_si_001.pdf))
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